We have utilized the cellular differentiation gradient and photomorphogenic responses of the first leaf of 7-day-old barley (Hordeum vulgare L.) to examine the accumulation of mRNA and protein encoded by the ribulose-1,5-biphosphate carboxylase holoenzyme (rubisco) activase gene (rca). Previous studies have revealed a pattem of coordinate expression of rubisco subunit polypeptides during development. We compared the expression of nubisco polypeptides and mRNAs with those encoded by rca. The mRNAs encoding both rubisco activase and rubisco are expressd exclusively in leaf tissue of 7-day-old barley seedlings; mRNAs and polypeptides of rca accumulate progressively from the leaf base in a pattem that is qualitatively similar to that of rubisco subunit mRNAs and polypeptides. The parallel pattem of rca protein and mRNA accumulation indicate that a primary control of rca gene expression in this system lies at the level of mRNA production. Light-induced expression of rca in etiolated barley follows a different pattem from that of the acropetal barley leaf gradient, however. Etiolated, 7-day-old barley seedlings contain levels of rca mRNA near the limit of detection in Northem blot hybridization assays. White light induces a 50-to 100-fold accumulation of rca mRNA, which is detectable within 30 min after the onset of illumination. In contrast, steady state levels of mRNAs encoding the small rubisco subunit are affected little by light, and mRNAs encoding the large subunit accumulate about 5-fold in response to illumination. While rca mRNA levels are low in etiolated barley leaves, levels of the protein are approximately 50 to 75% of those found in fully green leaves.
cules in the chloroplast (5) . Recently, one potential source of regulation over carbon assimilation was uncovered when it was demonstrated that rubisco is activated to catalytic competency by a soluble chloroplast protein, rubisco activase (rca protein) (19, 22) . ATP (26) , Mg2+, and C02 (21) are required for rubisco activation by rca protein in vitro. In the presence of rca protein, millimolar levels of RuBP do not inhibit rubisco activation (21) , as is the case when rubisco is activated spontaneously. However, little is known about the nature of the physical interaction between rubisco and rca protein during activation. Using antibodies prepared against purified spinach rca protein as probes, it was shown that activase consists oftwo immunologically related polypeptides ofabout 46 and 41 kD (29) , and that they can be detected immunologically in extracts of all higher plant species examined (23) . We recently utilized these monospecific antibodies to clone cDNAs encoding the spinach and Arabidopsis thaliana rca gene products (29) . We initiated this study to use these tools to ask whether accumulation of rca and rubisco subunit mRNAs and polypeptides is coordinated during the course of plastid development.
Chloroplast development has been a subject of intensive research for a considerable time. Most of this work, however, has focused on development of the photosynthetic membranes and photoregulation of gene expression (for a recent review, see ref. 17) . Apart from the considerable work on the structure and expression ofthe genes encoding rubisco subunit polypeptides, little is known about the expression of genes encoding other stromal enzymes that function in the carbon reduction pathway.
The leaves of monocotyledonous plants are particularly well suited for studies of plastid and leaf development. In these plants, leaf cell division is restricted to a basal meristem. At increasing distances along the leaf axis from the basal meristem, the cells and organelles are of increasing maturity. As a consequence, monocot leaves represent a developmental continuum of cells whose spatial separation facilitates access to gram quantities of developmentally similar material. A number of studies have exploited this system to examine the synthesis and accumulation of several chloroplast polypeptides and mRNAs including rubisco (reviewed in 13, 17) . In this study, we utilized the naturally occurring developmental gradient and the well characterized photomorphogenic responses of the first leaves of barley (Hordeum vulgare L.) to ask whether the accumulation of rca, rbcS, and rbcL mRNAs, and their polypeptide products is coordinated during leaf cell development. immunizations. Antibody specificity was monitored by western immunoblotting assays using alkaline phosphatase-conjugated secondary antibody screening (2).
RNA Extraction and Northern Blot Analysis
High mol wt RNA was prepared from the first leaves of 7- d-old barley seedlings as described previously (24) . RNA was fractionated on agarose-formaldehyde gels (30), transferred to nitrocellulose or GeneScreen filters, and hybridized with 32p_ labeled probes. Hybridization was carried out in 50% (v/v) formamide, 5x SSPE (lx SSPE is 0.135 M NaCl, 10 mM NaH2PO4/Na2HPO4 [pH 7.4], 1 mM Na2EDTA), 1 to 5x Denhardt's solution (lx Denhardt's solution is 0.02% w/v each BSA, Ficoll, and polyvinyl pyrrolidone), 0.1% (w/v) SDS, and 32P-labeled probe at 10 to 20 ng/mL and 55C (for RNA probes) or 25 to 50 ng/mL and 42°C (for DNA probes). Final posthybridization washes were performed in 0.1 X SSPE, 0.1% (w/v) SDS at 65C (for RNA probes) or 50°C (for DNA probes). The 32P-labeling of DNA restriction fragment probes was performed by either oligolabeling with DNA Polymerase 1 (9) or in vitro transcription with T7 RNA polymerase (30) . The recombinant probes used in this study were: (a) for activase mRNA, spinach pRCA 1.6 (29) or barley rca cDNAs; (b) for small subunit mRNA, wheat pW9 (4) or barley rbcS cDNAs (RE Zielinski, ME Jenkins, unpublished data); (c) for large subunit mRNA, an internal 0.8-kb EcoRI fragment of maize rbcL (16) ; and (d) for cab mRNA, pea pAB-96 (3).
Cloning of Barley rca cDNA Sequences Polyadenylated RNA was prepared by poly(U)-agarose (PLPharmacia, type 6) chromatography of total high mol wt RNA isolated from 7-d-old barley seedlings (30) . Doublestranded cDNA from this RNA was generated according to Werneke et al. (29) , inserted into the EcoRI site of XgtlO or Xgtl 1, and packaged in vitro. The cDNAs cloned in Xgtl 1 were screened for expression of rca-lacZ fusion proteins using polyclonal antibodies to purified spinach rca protein, as described previously (29) . The identities of positive clones were confirmed by hybridization, using a 32P-labeled cloned spinach rca cDNA, and by DNA sequencing. One such recombinant phage, XBrca-l9, containing a 1.4 kb insert, was isolated and used as a hybridization probe in these studies. Details concerning the isolation and characterization of these clones will be described elsewhere.
RESULTS

Tissue-Specificity of rca mRNA Expression
In our first series of experiments, we examined the tissue specificity of rca expression. Figure 1 shows the results of two Northern blot hybridizations in which rca and rbcS steady state mRNA levels were monitored in leaf, coleoptile, seed, and root total RNA fractions isolated from 4-d-old barley seedlings. Both messengers are detected exclusively in the leaf RNA fraction. The rca mRNA is estimated to be about 1.9 kb (slightly larger than 18S rRNA), a value that is consistent with the previously estimated sizes ofspinach and Arabidopsis rca messengers (29) . Some spurious hybridization of the rca probe to rRNA was occasionally observed in the root RNA fraction, which is most likely to be a consequence of the prolonged hybridization time (48 h) used in those experiments. In favor of our interpretation, we note that no hybridizing RNA species in the root fraction corresponding to the size of rca mRNA was ever observed, nor did we detect rca polypeptide translation directed by coleoptile, seed, or root poly(A+) RNAs in vitro (RE Zielinski, unpublished results). 
Expression of rca during Barley Leaf Development
Expression of rbcS and rbcL polypeptides is highly coordinated in a variety of plant species, including monocot leaves, with little or no detectable free subunit accumulation, under normal physiological conditions (7, 18) . Since rca protein is required for optimal in vivo rubisco activity (25), we asked whether rca expression is also coordinated with expression of rbcS and rbcL at the steady state level of mRNA and protein.
We carried out a series of experiments designed to examine accumulation of rca mRNA by hybridization of cloned spinach or barley rca cDNAs to agarose gel-fractionated RNAs isolated from six segments spanning the entire first leaf of 7-d-old barley seedlings (1 = base; 6 = tip; described further in "Materials and Methods"). Similarly to rbcS mRNA (6, 27) , relative rca mRNA steady state levels increase acropetally along the barley leaf axis, reaching a maximum in segment number five, and decline about 60% in the oldest cells at the tip of the leaf (Fig. 2a) . Transcripts encoding rbcL accumulate with a qualitatively identical pattern, although the decline in rbcL mRNA levels in the oldest region of the leaves is not as dramatic as in the case of rca (Fig. 2b) . In contrast, cab mRNA, which encodes the major light-harvesting thylakoid membrane polypeptide, accumulates much earlier in development and its steady state level declines markedly in the leaf regions expressing the highest levels of rca and rbcL mRNAs. The densitometer quantitations shown in Figure 2 Figure 2a .
It was previously shown (27) that rubisco protein accumulates in barley leaf cells in increasing amounts from the base to the tip of the leaf. This pattern of accumulation is similar to that observed for rbcS mRNA, except that the oldest cells near the leaf tip retain high levels of rubisco, while rbcS mRNA levels decline. We compared the relative accumulation of rca protein, detected immunologically by Western blotting, with the relative accumulation of rubisco assayed by sucrose density gradient purification (10) and SDS-PAGE fractionation. Accumulation of rca polypeptides qualitatively parallels that of rubisco protein accumulation along the barley leaf axis (Fig. 3) , except at the leaf tip. In this region, rca polypeptide levels decline slightly, although this decline was not as great as the one observed for rca mRNA (Fig. 2a) reduced amounts of the 46 kD rca polypeptide compared with the 41 kD polypeptide (Fig. 3b) (Fig. 4a) . Rca Figure 4b . Detectable amounts of rca mRNA consistently accumulate in this system within 30 min after the onset of illumination. Maximum levels of the messenger are attained after 6 to 12 h. In contrast, others have shown that cab mRNAs require at least 2 h of continuous white light to accumulate to detectable levels (15) .
Although light induces accumulation of rca mRNA in 7-dold etiolated barley, it has a much less dramatic effect on the steady state level of rca polypeptides detectable by Western immunoblotting (Fig. Sa) . In this experiment, both the 46-and 4 l-kD rca polypeptides accumulated in the dark to levels about 50 to 75% of those observed in seedlings grown under normal diurnal cycles. Rubisco subunit levels responded in a similar manner under these experimental conditions (Fig. Sb) . It should be noted that in this experiment, several protease inhibitors were included in the protein extraction buffer (see "Materials and Methods"), but apparent degradation of the 46-kD rca polypeptide is still observed. This proteolytic degradation produces polypeptides with apparent mol wt ofabout 44, 43, and more significantly, 41 kD. Thus, the differences in the relative ratios of the 46-and 41-kD rca polypeptides extracted from etiolated and green tissues seen in Figure 5a may be artifacts, and should be interpreted with caution. Clarification of this point awaits the establishment of extrac- 4) . Unlabeled lanes contain mol wt standards.
tion conditions under which the structure of the 46-kD rca polypeptide is quantitatively preserved. DISCUSSION In this study, we exploited both the positional gradient of cellular differentiation and photomorphogenic response of 7-d-old barley leaves to examine the expression of the rubisco activase gene (rca), and to ask whether rca expression parallels that of rubisco, the enzyme it regulates in vivo. As expected for a protein that functions in the photosynthetic carbon reduction cycle, we found rca mRNA expression to be tissuespecific, with detectable steady state amounts ofthe messenger present only in leaves. Our results confirm and extend previous reports (6, 7, 27) , which showed that steady state levels of rbcS mRNA and rubisco parallel one another during barley leaf development. In the acropetal developmental gradient of barley leaves, rca, rbcS, and rbcL polypeptides and mRNAs display qualitatively similar patterns of accumulation (Figs. 2  and 3 ). The relative level of each polypeptide appears to be a function of the steady state content of the corresponding mRNA along the barley leaf axis. An exception to this generalization appears at the tip region of the leaf where mRNA levels decline but polypeptide levels show little, if any, change. We take these results to indicate that a primary control over the expression of these proteins lies at the level of mRNA production and accumulation. In the oldest region of the leaf, rca and rubisco proteins are maintained at high levels, while the corresponding relative mRNA levels decline. This observation is consistent with the idea that, in the oldest cells, the rate of one or more of the steps in production of these specific mRNAs is greatly decreased or the turnover rate of these messengers is greatly increased. Maintenance of high rca protein levels in the face of dramatic reductions in mRNA content implies that rca polypeptides are relatively long lived compared with their corresponding messengers in older leaf cells. In contrast to the patterns of expression observed for rca and rubisco subunit messengers, mRNAs encoding cab (Fig. 2) and calmodulin (30) polypeptides accumulate in the barley leafgradient in a completely different manner. In these cases, maximum steady state mRNA levels are found in the midleaf and basal meristematic regions, respectively. These observations support the idea that the coordination we observed between rca and rbc mRNA and protein accumulation in the barley leaf developmental gradient is not an experimental artifact.
The 46-and 4 1-kD rca polypeptides are independently capable of catalyzing rubisco activation in vitro (JM Werneke, J Shen, WL Ogren, manuscript in preparation), but the nature and extent of rca polypeptide interaction in vivo is not yet clear. The two rca polypeptides are produced by two distinct mRNAs of nearly identical size that are derived from one rca structural gene by alternative mRNA splicing in spinach and Arabidopsis (JM Werneke, JM Chatfield, WL Ogren, unpublished data), and probably in barley (RE Zielinski, and SJ Rundle, unpublished experiments); the two rca polypeptides differ only in their carboxy-terminal amino acid regions. These observations originally prompted us to ask whether differential expression of the two rca polypeptides serves as a regulatory mechanism to ensure optimal rubisco activation. In no instance, however, have we observed alterations in the amounts of the two rca polypeptides relative to one another that could be attributed to developmental regulation. On the other hand, because of the proteolytic susceptibility of the 46-kD rca polypeptide, there may be subtle changes that were undetectable under our assay conditions. Thus, a definitive answer to this question awaits development of extraction conditions that preserve the integrity of the 46-kD rca polypeptide. A second, more subtle point in the design of our experiments, which may have obscured differential rca polypeptide expression, is the cellular complexity of barley leaf tissue. The leaf dissections performed in this work enabled us to examine gene expression in cell populations of similar developmental age. However, we note that each leaf segment is composed of several different cell types. Thus, our results do not preclude the possibility that the 46-and 41-kD rca polypeptides are differentially expressed in a spatial manner along the lateral dimension of barley leaves.
Seven-d-old, etiolated barley seedlings contain very low levels of rca mRNA, while maintaining relative levels of rca polypeptides that are comparable to those found in seedling leaves grown under a normal illumination regime (Figs. 4 and  5 ). Under these growth conditions, accumulation of rca mRNA is strongly influenced by white light (Fig. 4b) . In contrast, rubisco subunit mRNAs are readily detectable after prolonged etiolated growth. During etiolated growth, certain mRNAs, such as rca mRNA, may be programmed for more rapid turnover, or their transcription may be turned off in order to conserve seed reserves. When a light signal sufficient to initiate photomorphogenesis is received by the etiolated seedling, rca mRNA could once again be produced without depleting the carbon and nitrogen reserves of the seed. One way to test this hypothesis would be to assay the rca mRNA levels in etiolated leaves at different times following germination. Our expectation is that rca messenger will be detectable during the first few days after germination, after which it will decline as the levels of seed reserves decline. Nuclear runon transcription assays could then be used to infer whether control is directed over transcription or a later stage in gene expression.
Chloroplast biogenesis requires coordinate expression of 
